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] ABSTRACT

A method for analyzing the performance of a ramjet engine at subsonic

flight speeds is presented. The absence of a known choked point (M=l)

in the engine necessitates an iterative solution. A modified ideal gas

analysis is utilized. Considered are the corventional ramjet with liquid

fuel injection and an ejector ramjet using vaporizea fuel injected into

the engine at supersonic velocities. In the latter case, the fuel's

momentum is significant and the ejector action draws addtional air mass

into the engine, which must be considered in the analysis. The method

presented compares the two engine cycles at several subsonic flight speeds

for both JP-4 and propane fuel. The effects of several levels of component

efficiencies are considered.
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SYMBOLS

SYMBOL EXPLANATION

A area, ft 2

Ac Inlet cowl area, ft 2

CDB burner drag coefficient

CF thrust coefficient, F/qoA3
CFN thrust coefficient with additive drag, FN/qoA3
CP pressure coefficient for diffuser

F net internal thrust, dbf

FN net internal thrust minus additive drag, Ibf
f/a fuel-to-air mJass ratio

gc conversion factor = 32.17405 I-bm ft/lbf sec 2

fuel specific impulse, lbf/ib•!hr.

1spN fuel spe.cific impulse with additive drag, lbfilbm/hr.

mass rate of flow, Ibm/sec

M mach number

MN molecular weight, mN Ibm-mole
ND dump pressure loss eynnne..'

P pressure, jbf/ft 2

PT total pressure, jbf/ft 2

P stream thrust, lbf

qo free stream dynamic pressure, lbf/ft2

RO universal gas constant 1545 ft-'Ibf
lbm-molb - ORT tesmperature, OR

TT total temperature, OR
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SYMBOLS (CONTD)

SYMBOL EXPLANATION

(ATT) actual combustor actual total temp. rise, OR

(ATT) ideal combustor ideal total temp, rise, CR

u velocity, ft/sec

X X functic

Y Y function See Section III

Z Z function

r ratio of specific heats

17c combustion efficiency = (ATT) actual/( ATT) ideal

P density; lbm/ft3

SUBSCRIPTS

0 SU 5 engine stdtions (see Figures 1 and 2)

P ejector ramjet primary chamber

* ejector ramjet primary nozzle throat

C ejector ramjet primary nozzle exit

T total conditions

I
Ix
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SECTION I

INTRODUCTION

The purpose of this report is to analyze the performance of two

ramjet engine cycles operating at subsonic flight conditions. One is

a conventional liquid-fueled ramjet and the other is an ejector ramjat

that uses gaseous propane. Both JP-4 and liquid propane conventional

ramjets are considered. The ejector ramjet introduces its fuel at

supersonic velocities with a momentum high enough that it might increase

the cycle pressure ratio and overall engine performance over that

obtainable in the conventional ramjet. The magnitude . this performance

is determined on an ideal cycle b4sis.

In this report, three types of engines are analyzed (see Table I):

(1) a propane-fueled ejector ramjet; (2) a propane-fueled ramjet; and

(3) a JP-4-fueled ramjet. Several efficiency levels for each type of

engine are considered.

First, each eaigine is assumed to have no internal losses such as

burner drag, combustion efficiency losses, diffuser losses, or friction

losses. Thes', results establish the basic trends and serve to determine
I the maximum values possible for the performance variables. This "no

loss" case is referred to as the ideal case.

Secondly, component efficiencies are applied equally to all three

engines. Baseline values of these component efficiencies were considered

to be representative state-of-the-art values for a subsonic, JP-4
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fueled ramjet engine; values used were a burner drag coefficient of 4.0

and a combustion efficiency of 90%. These results establish practical

performance estimates for the JP-4 ramjet and compare them with those of

propane-fleled engines having equal component efficiencies.

Instead of using a burner drag coefficient, we applied anothL

efficiency factor to the ejector ramjet. Since the ejector ramjet uses

the dump into the combustion chamber as the flame-holding device and

does not have a baffle type flameholder, the burner drag of 4.0 was

replaced with an estimated dump loss correction based on experimental

results (Reference 5). Since the ejector ramjet has a diffuser section

ahead of the dump, experimental corrections (References 3 and 4) were

applied to the flow to account for this diffuser loss.

Most of the above mentioned parametrics were computed assuming

variable inlet size and, therefore, do not consider additive drag

effects. Several select cases have been corrected for additive drag

to demonstrate the order of magnitude of the additive drag correction.

The same exit-to-combustor-area ratio of 0.55 is used for all three

engines.

A computer program was written to calculate the performance of these

engine cycles. The method is described in Section III. Appendixes I

and II describe the computer program.

2
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TABLE I

CYCLES INVESTIGATED

CYCLE COMPONENT LOSSES

PROPANE-FUELED EJECTOR RAMJET

Cycle 1 No Losses

Cycle 2 CDB = 4 and T/c 9 0%

Cycle 3 Cp = 0.51, ND = 0.25 and
qc =90

PROPANE-FUELED RAMJET

Cycle I No Losses

Cycle 2 CDB = 4 and rc = 90 %

JP-4-FUELED RAMJET

Cycle I No Losses

Cycle 2 CDB 4 and nc =90%

3
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SECTION II

DESCRIPTION OF CYCLES

1. THE RAMJET CYCLE

The corventional ramjet engine has been described and analyzed manyL times in the literature, and this baric treatment eill not be repeated

here. The majority of these treatments consider the ramjet at supersonic

flight speeds with a choked exit nozzle, which presents a convenient

station to begin analysis. The ramjet operating at subsonic flight

speeds, however, usually has no choked station throughout the entire

engine. Figure 1 presents a schematic of such an engine and defines the

engine station nomenclature. A convergent nozzle is usually employed

Sand, since the internal flow is entirely subsonic, pressure changes at

any statior, are felt throughout the engine. The mass flow entering theI, engine will aidjust itself, generally, so that the static pressure at

the exit (Station 5) is equal to the ambient pressure. There are a few

cases at high subsonic flight speeds where Station 5 can be choked with

P5 > Po"

For the purposes of this analysis, an ideal inlet was considered

so as to facilitate the presentation of data in parametric form. Also,

no capture area was specified. Therefore, ideal onc-dimensional flow

is considered between Station 0 and Station 3. The results thus present

the net jet thrust coefficient. A known capture area can be imposed and

the data presented can be corrected for additive drag between Station 0

and Statioro 1. This was done for selected cases to describe the method.

4
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Component losses can be considered if desired. Total pressure

losses due to friction or flameholders in the combustor are defined by

a burner drag coefficient, to be defined in the next section. A combustion

efficiency based Jr burne- ideal total temperature rise can be specified,

if desired. The nozzle is considered ideal and no losses are defined.

Fuel is considered to be injected at room temperature. The fuel mass is

considered in the continuity equation, but its momentum is neglected.

The analysis procedure was chosen to facilitate rapid calculation

and convergence on digital computer facilities. Component efficiencies,

engine geometries, fuel/air ratio, ana flight conditions are assumed.

An initial estimate of the free stream area (or nmass flow) is made and

the properties at each station throuqhout the engine, from Station 0 to

Station 5, are calculated. The static pressure at Station 5 is compared

with the ambient static pressure of the known flight condition. These

must be equal for a practical solution (except for the one exception

where the exit nozzle is choked). If these pressures do not match, the

estimated value of A. is modified and the calculations are repeated. When

this matching of static pressures has been achieved, the engine per-

formance parameters (thrust coefficient and specific impulse) are calculated.

2. THE EJEUTOR RAMJET CYCLE

The analysis of the ejector ramjet iE similar to that of the rairjet

except in the treatment of the fuel addition. A schematic of the

ejector ramjet is shown in Figure 2. A fuel injector in the form of a

primary rocket with a C/D nozzle is located at Station 1. Fuel is

heated to vaporization and is then introduced into the primary. This

5



AFAPL-TR-72-7

SF Iomeholder

0 I 3 4 5

Figure 1. Ramjet Engine

I;o

0 1 2 2 4 5

Figure 2. Ejector Ramjet Engine

6
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fuel is gaseous at high pressure and elevated temperature. The fuel

expands in the C/D nozzle at supersonic velocities, with a momentum

significantly high to be considered in the cycle. The fuel and air mix

between Stations 1 and 2 without burning. The mixed stream then enters

the combustor through a diffuser and sudden dump. This area change serves

as a flameholding device to sustain combustion. The rocket primary

acts as an ejector and draws additional air into the engine. The momentum

of the primary increases the cycle total pressure ratio over that of a

conventional ramjet.

Component losses through the engine can be considered in two ways.

A burner drag coefficient can be applied to correct for all pressure

losses, as was done for the conventional rainjet. The losses associated

with the diffusion and sudden dump can be considered separately as a

function of the geometry with correlations to be described in the next

section. A combustion efficieny based on the burner ideal total

temperature rise can be specified if desired. Incomplete mixing of the

fuel and the air in the mixing tube will result in less ejector action

and less mass flow through the engine than the ideal case.

A provision is incorporated to account for these estimated losses.

The method chosen is to arbitrarily reduce the primary momentum by some

percentage to obtain a reduced pressure level at the end of the mixing

tube (Station 2). This method was chosen for ease in computer programming

and results in a converged air mass flow less than that obtained from the

ideal ejector ramjet but still more than that possible from the conventional

ejector ramjet at the same condition. The component losses can be applied to

7
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the degree necessary to reduce ideal ejector performance to the level

corresponding to actual test data. Mixing losses were not considered

in the study results presanted in this report.

ft
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SECTION IJl

ANALYSIS PROCEDURES

1. GENERAL

The ramjet and ejector ramjet cycles can be analyzed using constant

gamma. ideal gas equations. It is a requirement for subsonic engines that

the pressure at the exit of the nozzle be equal to the free stream pressure.

It is therefore the purpose of the cycle analysis to f~nd the air flow

through the engine which will allow the nozzle exit pressure to mdtch

the free stream pressure for the given engine parameters. To calculate

the nozzle exit pressure, it is necessary to calculate the Mach number

and pressure at each station of the engine beginning at the inlet.

There is one exception to the above criteria. If the nozzle is choked

the exit pressure can be greater than or equi&I to ambient pressure

The Mach functions X, Y, and Z will be used to simplify the analysis

p--cedure in this report. The following is a brief discussion of these

functions. The equations of continuity, and momentum and energy are

used to relate the conditions at one engine station to another. The

continuity equation in its simplest formn states that the mass flow rate

at Station i is equal to the mass flow rate at Station i+l. This is

written

i (+)

'Using the ideal gas law p= PMw

RT

9
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and the following relationships

M =PAV

TT :I +- M2

T

PT (,+ -- I M') 2 "'

Equation 1 can be written

PT AM +_

-+)- f'_M-) y+-
2 R il

+rm odded

This equation is simplified by defining

X: M 1 (+ .. iMe)7 i .

This gives the final orm of the continuity equation

aM + dd ad (2)

IVT~ L TT R

The someni;um equation for a fricticniess, coisL•ay-.t are duct is

+PA t
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This equation can be expanded in a manner similar to the continuity

equation to give

PT A Z] =jPTrAZI+ (3)

where j is defined as

The quantity PTAZ is called stream thrust and is denoted by the symbnl P.

If the. continuitY and momenuium equations are combined, the following

equetion is obtained
aT =R (4)

where

Y - "

Equations 2. 3, and 4 are used to calculate the flow conditions thk'ough

the inlet. A complete explanation of these equations is given in

Reference 2. The Mach ntumber functions X, Y, and Z are used to determine

the Mach number.

In this study, all engine areas and the fuel/air ratio are assumed

known, as wel' -is the free-stream temperature, pressure, and Mach number.

: I1
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The ideal temperature rise in the combustor, the molecular weight, and

the gamma at the exit of the combustor are tabulated as a function t Ihe
air total temperature and thV fuel/air ratio. Values of combust,

efficiency, ,c, and burner drag coefficient, CDB, were assumed to penr.it

us to evaluate their effect on erigine performance.

The combustion efficiency is defined as

T
7)c= ( T)nCt ua!

(TTideal

The burner drag coeff~cient is defined as

T3 -PT4 I
CoD s Y A3 MP

where the term P3 " P4 is the drag loss caused by the flameholder.

2. RAMJET ANALYSIS

The ramojet analysis consisted of the following: First we assumed an

inlet capture area. Then we used the continuity equation to calculate the

conditions at the entrance to the combustor, and the momentum and

continuity equations to calculate the conditions at the exit of the

combustor. Finally, we used the continuity equation. to relate the

condition at the exit of the combustor to the cunditions at the exit

of the nozzle.

12
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The method of analysis i; as follows:

(a) Assume an Ao.

(b) Fivm continuity, calculate the Mach nimber at Station 3.

Assuming the inlet isentropically diffuses the air and the value of

gamma at both stations is 1.4, then

X X .0 A 3
MI f (X3)

(c) Calculate the free..stream total pressure.

r0 70PTO PO I + "O
I2

Since isentropic diffusion has been assumed in the inlet, it follows

thatI
PT3 

= PTO

(d) Calculate the mass flow rate of air

M.A. = P o A u M, gc 9 e." w o
R TO

(e) From the given fujel/air ratio, calcuiate the fuei flow rate.

f A flu

13
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(f) Calculate the Mach number at Station 4 from the continuity

and momentum equations.

Y4 .Zr (TT 4 ,TT I+ yM 2
1+ f/ /01+ [17c

M4 = f( Y4)

(g) Calculate the total pressure at Station 4 from the momentum

equation.

4 [Z4 PT3

(h) Calculate the Mach number at Station 5 from the continuity

equation. It is assumed that the values of gamma, total temperature,

and total pressure at Station 5 are the same as those at Staticn 4.

A4

Ms = f (X5 )

(i) Calculate the static pressure at Station 5.

PT4

P ( Y4-' M 2) 'Y4/74-1
2 5

(j) Compare the static pressure at Station 5 with the ambient

pressure Po. If these pressures do not compare reasonably well, adjust

Ao and return to Step b. If

P5 > Po, increase Ao

P5 < PO, decrease A.

14
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Once the pressures have be .3 satisfactorily matched, the engine performance

can be calculated.
(k) Thrust = PT 4 A5 Z - PTo Ao Z --Po(A -Ao)

Isp = thrust/inf

Note: If the Mach number at any station exceeds one, reduce Ao and

return to Step (b). If the Mach number at Station 5 equals one and

P5 2t Po, this is a solution.

3. EJECTOR RAMJET ANALYSIS

"The ejector ranijet was analysed in a manner similar to the ramjet.

In addition to burner drag and combustion efficiency, ejector

effectiveness, diffuser and dump loss were also considered. Integration

of the ejector into the ramjet cycle analysis is the only major deviation

from the previous analysis.

The method of analyzing the ejector ramjet is as follows:

(a) Assume a value for Ao.

(b) From the continuity equation, 'calculate the Mach number at

Station 1, assuming the inlet isentropically diffuses the air, and the

value of gamma at both stations is 1.4.

X, Xo Am.
Al

M, =f (XI)

(c) Calculate the ,ree stream total pressure

PTo =.Po I+-- M8 ) )70-I

15
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Since isentropic diffusion has been assumed in the inlet, it follows

that PTI 2 PTo

(d) Calculate the air stream thrust at Station I fcom the momentum

equation . A

PAl = PTo A1 Z1

(e) Calculate the mass flow rate of air.

,mA = Po A0 Mo 0

R To

(f) From the given fuel/air ratio, calculate the fuel flow rate.

mf = mA t/a

(g) Calculate the total pressure of the fuel injector assuming

a choked throat. In this analysis the ejector geometry is fixed;

therefore the Ejector total pressure is varied to match the flow rate.

P rn

gc M I
where A* = area of injector throat

X* = X function at throat

TTf = total temperature of fuel

(h) Calculate the Mach number at the exit of the injector.

X* A*

Me f (Xe)

16
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(i) Calculate the stream thrust at the ejector exit..

SP e PTP At Ze

(j) Calculate the temperature, molecular weight, and gamma of the

mixed fuel and air at Station 2 by mass averaging the individual

properties. The individual physical properties are obtained from tables

of data or empirical correlations.

(< Calculate the stream thrust at Station 2 from the momentum

equation. For the ideal case

=P R, +P

If it is desired to account for inefficiency of the ejector action, a

component efficiency can be incorporated. Fnr example

P2 = Pi + ?7 Pe

(1) CalculAte the Mach number at Station 2, from the continuity

and momentum equations.

YP= MA F fn T
~2 

QT

M2 = f (Y2)

(m) Calculate the total pressure at Station 2 from the momentum

equation.

-=•;:,• ~~PT2 -'z Z
A2 Z2

17
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(n) Calculate the statiL pressure at Station 2.

2
P2: = 1P(I+ y-t M?=)I-

(o) Calculate the static pressure at Station 2' if diffuser losses

are to be considered

P E~P 2M2+I ) p2

whereZp is an experimentally determined diffuser loss factor obtained

from References 3 and 4. If icentropic diffusion is assumed

2,= P 2

(p) Calculate the Mach number at Station 2' using the continuity

equation.

2
M= = S_ + 2,/r' - 1=r- ) (.(.T+ m7f )R T".

(q) Calculate the total pressure after the dump at Station 3, by

using the following equation:

[, 12 M 2 ) Y2 ]e(-J No X2 M;2 )PT3 = 2I (1t"2

where ND is obtained from Reference 5.

18
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(r) Calculate the Mach number after the dump at Station 3.

X3 mA +__f) ___-!-T

PT3 A3  gc Mwa

M3 =f (X 3 )

(s) Calculate the static pressure at Station 3.
YL

P3- PT + P M2) I- Y2

(t) Calculate the Mach number at Station 4 from the continuity

and momentum equat ns.

4= 3/!Mw rW [I 7 (D[4-TT1 ~ + 'rM3j : Mw4 [1 T42 + M20 Pj~TTZ[ '+y) .(,- y , c o)]

M4 = f (Y4 )

(u) Calculate the total pressure at Station 4 from the momentum

equation.

eqato.oo

(v) Calculate the Mach number at Station 5 from the continuity

Sequation. It is assumed that the values of gamma, total temperature,

and total pressure at Station 5 are the same as those at Station 4.

A4X5 = X4 A'-•

M5 = f(X5)
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(w) Calculate the static pressure at Station 5.

(x) Compare the static pressure at Station 5 with the ambient
Pressure Po. If these pressures do not compare reasonably well, adjust
Ao and return to Step (b).

(y) If the static pressure and Po match,
Thrust PT4 A Z 5 - PTo A 0 Z 0 - Po (Ai--Ao)

Isp = thrust/If

Note: If the Mach number at any station exceeds one, reduce AO and
return to Step (b). If the Mach number at Station 5 equals one and
P5 > Po, this is a solution.

20
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SECTION IV

STUDY RESULTS

1. IDEAL PROPANE EJECTOR RAMJET

Figure 3 presents the parametric performance dat4 for a propane

fueled subsonic ejector ramjet at an altitude of 23,000 feet, A5 /A3 = 0.55,

and 100% efficiencies. Plotted is the thrust coefficients (CF) based on

free stream dynamic pressure and combustor area versus fuel specific

impulse (ISP). The dashed lines represent constant values of fuel-to-
air ratio and the solid lines represent constant values of free stream

Mach number. Several factors are evident from this figure. First,

it is noted that for this ideal case, as the fuel-air ratio decreases

the fuel specific impulse continues to increase while the thrust decreases.

Obviously, the specific impulse must maximize at some f/a ratio and then

decrease as f/a ratio is lowered further. This will be evident when

component efficiencies are introduced into the cycle. The second

prominent featuire occurs above the stoichiometrir fuel/air ratio (f/a

0.064). As more fuel is added above the stoichlometric point the

thrust continues to increase. ,This phenomenon is not present in the

conventional ramjet because the contribution of iuel momentum is not

considered in the ramjet cycle. In the ejector ramjet cycle as the fuel

flow rate continues to increase the fuel momentum increases and thrust

benefits accrue, at a loss in specific impulse. Also, it is noted

that specific impulse improves sign.dicantly with Mach Number over the

range considered.

2
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Figure 3. Ideal Ejector Ramjet Performance

22

~ -I



AFAPL-TR-72-7

2. PROPANE EJECTOR RAMJET (CDB = 4.0, . 0.90)

Figure 4 repeats the results of Figure 3 for a propane ejector ramjet

except that a burner drag coefficient of 4.0 and a combustion efficiency

of 0.90 has been included. If the figures are compared, it can be seen

that the performance, both thrust coefficient and specific impulse,

have been lowered by including the efficiencies. Also as the fuel-air

ratio is decreased the specific impulse does not continue to increase

as it did in the ideal case, but maximizes between f/a = 0.02 and 0.03

and decreases as f/a approaches zero. Figure 5 considers additive

drag for an engine with Ac/A3 = 0.2047. The design point at which this

Ac/A3 was chosen is Mo = 0.95 and CF = 0.5. Figure 6 is a composite of

several constant Mach number lines taken from Figures 4 and 5. The

dashed lines in Figure 6 stop a. the line representing full inlet

capture. The addi-Live drag effects on engine performance are small in

magnitude but increase with increasing Mach number.

3. PROPANE EJECTOR RAMJET (DIFFUSER AND DUMP LOSSES)

It was pointed out previously that the ejector ramjet had a sudden

dump into the combustor, which served as a flameholding device;

therefore, perhaps the burner drag coefficient of 4.0 used previously

was not appropriate. So in an attempt to use component efficiencies

consistent with the ejector ramjet geometry, experimental data was

obtained to account for the dump loss into the combustor and other data

applied to the diffuser directly ahead of the dump. The method of

accounting for these effects is described in Section III. A diffuiser

loss factor Cp of 0.51 and a dump loss factor ND of 0.25 were used

instead of a burner drag coefficient. A combustion efficiency of 90%
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Figure 4. Ejector Ramfjet Performance for CDB = 4 and 71c 90%
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Figure 5 Ejector Ramnjet Performance With Additive Drag, CDB 4 and
'9c = 90%
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Figure 6. Effects of Additive Drag on Ejector Ramjet Performance With
COB =4 and ilc = 90%
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j was maintained. It can be seen from Figure 7 that this case with dump

and diffuser loss is worse than the previous case with combustion

efficiency of 90% and a burner drag coefficient of 4.0. The absolute

values of Ep and N0 are for the specific geometry evaluated and apply

only to that particular case.

Figures 8 and 9 show the effects of additive drag with an Ac/A3 0.1825

which was chosen at the design point corresponding to Mo = 0.15 and

C,- ='0.5. As was noted foi the previous case witn CDB = 4, the additive

drag effects for this case are small.

4. IDEAL PROPANE RAMJET

Figure 10 presents the results for a propane-fueled ramjet with no

internal flow losses and an exit area ratio A5/A3 of 0.55 at 23,000 fcet

altitude. Figure 10 is a plot of the thrust coefficient versus fuel

specific impulse. The same trends are present as for the ejector ramjet

(Figure 3) except that above the stoichlometric fuel-air ratio there

is no additional increase in the thrust coefficient since fuel monentuni

is not considered in the ramjet cycle. Thrust ccefficient increaýses

with f/a ratio as specific impulse decreases. Here, also, there is no

maximization of the specific impulse as the f/a ratio decreases. Again,

the specific impulse increases as the subsonic flight speed increases.

In general, the ideal ejector ramjet has better perfonmancu at fuel/

air ratios above approximately 0.025; however, this comparison assumes

no irternal flow losses for either engine.
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Figure 9. Effects of Additive Drag on Ejector Ranjet Performance With
Diffuser and Dump Losses, and qc = 90%
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5. PROPANE RAMJET (CDB = 4.0 and 77c 0.90)I Figure 11 presents the results when using a burner drag coefficient

of 4.0 and a combustion efficiency of 0.90 for the propane ramjet.

They are directly comparable to the ideal case, Figure 10. While the

values of thrust and specific impulse are lower for the case with the

burner drag and combustion efficiency, the basic trends are the same

with the exception of the lower fuel-air ratios. As the fuel-air

ratio decreases, the specific impulse does not continue to increase;

it maximizes and then decreases as the f/a ratio approaches zero.

6. IDEAL JP-4 RAMJET

Figure 12 presents the ideal performance for a JP-4 fueled engine.

This data is similar to the data shown in Figures 10 and 11 for the

propane ramjet. Again no internal losses are assumed and A5/A3 is

0.55 at an altitude of 23,000 feet. The same trends are evident

although the propane ramjet has a slight advantage at the low and medium

fuel-air ratios. Above the stoichiometric fuel-air ratio (0.068 for

JP-4 and 0.064 for propane) the performance is almost identical.

7. JP-4 RAMJET (CDB = 4.0 and 72c = 0.90)

Figure 13 presents the results for a JP-4 ramjet wit1% a burner

drag coefficient of 4.0 and a combustion efficiency of 0.90. Figure 13

is directly comparable to Figure 12.

Figures 14 and 15 show the effects of additive drag with Ac/A 3  0.1976,

which was chosen for the design case of Mo = 0.95 and CF = 0.5.
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Figure 13. JP-4 Fueled Ramjet Performance With CDB = 4 and 'c = 90%
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SECTION V

COMPARISONS

The ramjet and ejector ramjet performance p&raretrics shown herein

can be used for several comparison purposes only. The results are valid

for the assumptions made. In general, an application requires that an

engine operate oer a wide envelope with fixed geometry, which necessitates

considering additive drag. In addition, the external drag of the engine

nacelle must be included, as well as any vehicle/engine interference

drag. Without these specific effects, the following general comparisons

can be reached.

Figure 16 compares che parametric performance , 4 ideal engines

at Mach 0.7. The lowest point on each line is for ;;a = 0.02 and the

highest point is for f/a = 0.1. As the fuel/air ratio increases, the

thrust increases at a sacrifice in specific impulse. At the very low

fuel/air ratios the performance is nearly identical. As the fuel/air

ratio increases, the advantages of the ejector ramjet become apparent.

The "XV mark on each line indicates a stoichiemetric fuel/air ratio.

Thrust levels below this may. indicate lean engine operation, and those

above this mark indicate fuel rich operation.

The prupane ramjet and the propane ejector ramjet can be compared

in many ways. As noticed on the ramiet curves, the thrust maximizes

at about the stoichiometric fuel/air ratios; richer mixtures are of no

advantage to the ramjet. Comparing the ideal engines at this stoichiometr~c

fuel/air ratio indicates that the ideal ejector ramjet has a thrust

advantage of 18% and a specific impulse advantage of 11%. The ejector

ramjet can increase thrust at a sacrifice in impulse by operating fuel

rich; this is no advantage to the ramjet.
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Let us compare the ejector ramjet operating at a f/a = 0.1 and the

ramjet operating at stoichiometric. For this case, the ejector ramjet

has a thrust advantage of 37% but a specific impulse that is only 76%

of that possible with the ramjet. Figure 17 shows the same comparisons

at Mach 0.95. The same comparisons can be made from Figure 18 for CDB =4

and -qc = 90%. With both engines operating stoichiometrically, the

ejector ramjet has a 17% thrust advantage and a 10% specific impulse

Advantage, slightly lower than for the ideal case. With the ejector

ramjet operating at f/a = 0.1 and the ramjet at stoichiometric, the

ejector ramjet has a 35% thrust advantage but again at 76% of the

ramjets' specific impulse.

If the ejector ramjet has the drag predicted from References 4, 5,

and 6, and the ramujet has a CDB = 4 and '7c = 0.9, we obtain the

following results. With both engines operating stoichiometrically, the

ejector ranijet has an 8% thrust advantage and a 5% specific impulse

advantage over the ramjet. With the ejector ramjet operating at f/a = 0.1,

its thrust advantage over the ramjet is 21% but its specific impulse is

only 65% that of the -ramjet. Similar comparisons can be made at Mach 0.95

and 23,000 feet from Figure 19; it must be pointed out, however, 'that

this co.,parison is made at a maximum thrust level and at a very low

specific impulse level, which gives the maximum potential advantage to

the ejector ramjet. For a cruise application a lean fuel/air ratio would

likely be chosen to maximize specific impulse; at a condition of say

f/a = 0.3, the advantage of the ejector ramjet is considerably rmduced

or even eliminated. For instance, at f/a = 0.3, the ramjet would produe

16% more thrust at 10% higher specific impulse. One parameter which
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is important to the effectiveness of the ejector ramjet is the ratio

of the primary to the inlet air stream thrust. As this parameter

increases, the ejector ramjet becomes more effective in its pumping action.

Figure 20 is a plot of this stream thrust ratio versus fuel/air ratio for

various flight mach numbers. As can be seen, this parameter increases

with increasing fuel/air ratio; therefore, the pumping action of the

ejector ramjet will be greater at the higher fuel/air ratio:. This

effectively increases the amount of air flowing through the engine,

thus giving more thrust than is possible with the conventional ramjet

at the higher fuel/air ratios.
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SECTION VI

CONCLUSIONS

The potential performance oi the ejector ramjet and the conventional

ramjet have been determined. At high fuel/air ratios, the ejector

ramjet has a thrust advantage over the conventional r"-jet. The

relative ranking of these two engine systems can change drastically,

however, depending on the internal flow losses and combustion efficiency

tz assumed in the analysis. In addition, the relative advantage changes

greatly with the fuel/air ratio considered. The assumptions of CDB = 4.0

and :- = 0.90 for the ramiet are considered as state-of-the-art values

for JP-fueled ramjets. The ejector ramjet losses assumed from

References 3, 4, and 5 are considered representative, although data

from a real engine of this type is lacking. Predictions of internal

drag in References 3, 4, and 5 are based on experimental data. Comparing

these casez shows that the ejector ramjet has an advantage at the high

fuel/air ratios and the conventional ramjet has an advantage at the

low fuel/air ratios. The reason for this difference is that with :arge

fuel/air ratios the ejector pumping action is greater and the cycle

pressure is increased, while at the lower fuel/air ratios the ejector

pumping action is less. This is directly related to the momentum ratio

of the ejector to the inlet air stream which increases as the fuel/air

ratio increases.

The data contained in this section is parametric, with no fixed

inlet size. A real engine with a known capture area will have ai actual

thrust lower than that estimated herein when additive drag and external
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drag are included. This was illustrated in Section IV for one particular

design point. This thrust decrement should affect each engine similarly,

however, and should not change the relative ranking derived from this

comparison.
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APPENDIX I

ENGINE PERFORMANCE COMPUTER PROGRAM
INPUT AND OUTPUT PROCEDURES

For ease of operation, the data read into the program has been

divided into four sets: (1) the fuel data set, which contains the

tables of gamma, molecular weight, and temperature rise for the combustion

products as a function of initial temperature and fuel-air ratio; (2) the

engine geometry and the efficiency parameters, initial values of which

are built into the program; since this set of data is entered in Namelist

form, only those parameters having values different from the initial

valuer need be entered; (3) flight parameters at which the engine is

to operate, including the Mach numbers, altitudes, and fuel-air ratios

for which engine performance is to be calculated; (4) the job title

and the job code. The order of the first three data sets in the data

deck is not fixed, but the fourth set must appear last.

Each data set is identified by a key word which alerts the program

that the following data belongs to a particular data set. The key words

corresponding to the above four data set ar-: FUEL, GEOMETRY, RANGE,

and PROBLEM. Each key word must start in column one. Tables I through

IV display the form of all the input data cards.

Table I shows the format for the fuel card set. Card 1 contains

the word, FUEL, starting in column one. Nothing else appears on this

card. Card 2 contains two numerical values: the number of fuel-air

ratios to be entered later in columns 1-10, and the number of initial
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air total temperatures in columns 11-20. Card 3 gives the list of fuel-

air ratios, starting in column 11, with six numbers per card; up to

three cards may be required. The rirst ten and the last ten columns

of these cards are reserved for identification data. (This identification

data is not used by the computer.) The other lists of data in this set

are entered on the same format. Each list begins on a new card.

Table II shows the variables that are entered on a Namelist card.

A description of this type of data entry is given in the Fortran Extended

manual.

Table III shows the format for the flight parameters. Card 1 contains

the word, RANGE, starting in column one. The second card contains the

number of Mach numbers, number of altitudes, and the number of fuel-

air ratios. Ten spaces are allotted per number, starting in columni one.

The third card contains the list of Mach numbers, where each number is

allotted ten spaces. The other two lists are similar, except that the

fuel-air ratio list may require more than one card te complete the list.

Figure 21 shows a typical data deck.

The printed output from the program gives the cycle performance and

many engine parameters. Line 1 shows the problem title and the altitude.

Line 2 shows the capture area in square feet, the conventional thrust

in pounds, the corresponding thrust coefficient, specific impulse,

specific fuel consumption, fuel-air ratioand the flight Mach number.

Line 4 shows the values of thrust in pounds, thrust coefficient, specific

impulse, and specific fuel consumption, which have been corrected for
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additive drag. Line 5 presents the engine stations and serves as a

title for the data immediately below. Column titled E presents data for

the exit of the ejector, which is used only for ejector ramjet problems.

Line 6 gives the Mach number at each station. Line 7 presents some of

the important values of gamma that were used. Line 8 shows the flow

area in square feet at each engine station. Line 9 shows the pressure

in atmospheres at each engine station. Line 10 shows the total pressure

in atmospheres at some of the engine stations. Line 11 gives the total

temperature in *R at some of the important engine stations. Line 12

shows the stream thrust in pounds force for some stations. Line 13

shows the molecular weight at two stations. Finally, the last line shows a

convergence parameter titled cycle, the free stream pressure in lbs/ft 2

the pressure at the engine exit in lbs/ft 2 , the air flow rate in lbs/sec,

and the fuel flow rate in lbs/sec. A sample output is shown in Figure 22.

50
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TABLE I - FUEL CARDS

Card
Order Contents Format

I FURL Al0

2 Number of fuel-air ratios (max value - 18) 2110

Number of initial air temps (max value - 12)

3 List of fuel-air ratios lOX,6El.O

4 List of initial air temperatures lOX,6EIO.O

5 List of temperature rise data corresponding lOX,;EIO.O
to the fuel-air ratios and the initial air
temperatures.

6 List of molecular weight data corresponding 1OX,6EI0.0
to the fuel-air ratios and the initial air
temperatures.

7 List of gammas corresponding to the fuel-air IOX,6EIO.O
ratios and the initial air temperatures.
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TABLE - VARIABLES IN GE0M NAMELIST

The key word GEOMETRY precedes the namelist data. This
word is read in on a Al0 format.

Value
Variable Type Before Definition & Comments

Read

Al R 1.23 Area of station I in sq. ft.

ASTAR R 0.00753 Area of ejector throat, sq. ft.

AE R 0.030121 Area of the ejector exit, sq. ft.

A2 R 1.2601 Area of station 2 in sq. ft.

A3 R 5.2414 Area of station 3 is sq. ft.

AS R 2.8,52 Area of station S in sq. ft.

DUMPLOS L FALSE Calculate diffuser & dump losses if true

ETAF2 L FALSE Use a fraction, BTAMIX, of the ideal
momentum at station 2 if true

ETAFE L FALSE Use a fraction, ETAMIX, of the ideal
ejector momentum if true

ETAMIX R 0.0 Mixing efficiency

TTF R 1300.0 Total temper. e of ejector flow in 'R

A2P R 2.52 Area of staion 2' in sq. ft.

ND R 0.25 Dump loss parameter

CPR R 0.51 Diffuser performance parameter

CDB R 0.0 Burner drag coefficient

nc R 1.0 Combustion efficienty
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TABLE X FLIGHT PARAMETERS

Card

Order Contents Forkmat

ii2 Number of Mach nuimbers (Max - 8) 31

Numer f atitdes(Max -4)

Nubro fe-i ratios (Max - 20)

3 List of Mach number 8ElO0.0

[I4 List of altitudes 4E10.0

S List of fuel-air ratios 8E10.0

TABLE~ X ENGINE IDENTIFICATION DATA

Card
-Order Contents Format

1 PY.0BLErM Al10

2 Job title and job code 12A6,I8
(For an ejector ramjet the job code isRI any integer less than or equal to 0.
For a ramjet use any integer greater
than 0.)
I(The job title can be any comm'ent the user wishes
to miake)
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I

E,'-RJ TEST CASE 0:

-PROBLEMRJ• TEST CASE 1

PROBLEM 1 -II• GE•4 FLIGHT PARAMETERS

1 GE'0METRY

.1v I
RANG I

OM YP R,
FUEL DATA CARDS

Figure 21. Typical Data Deck
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Im ~ 1~ CDiC 6600 FY'N V1.0-251A OPT=1 07/15/71

PROGRAM -01 Z'RJ (INPUT, OUT-UT, TA-E5=fNPL~r, TAPE6=OUTPUT)
R7AL NO
EIVTýPNAL rYC LF IUM AC, AINLET, ;31NJLF'
LOGICAL DJUMPLOS, QJ, TR4P, ETAF?, PTr4FE
1r47NSTON AAMý( s) AAL7(L,), 4rAPC20,, TITLE(X2)

COM'ION /CYCL/ AS, FS, ýtJ, TT4., GAN44 WT44, T70, ETACI C04404J /OIMA/ A1S COP, '!4P
'f'1MtON /ATNLT/ it, ýC AE, fiSIAV. A'fO, A41, AK3,,Kt GUPLOS,

I ETA-!>, ETAF2, cTAFE, FA:Z, -ýAMT, rmo, P9, PTO, TC, TTFI'! mmi4/rnum4 A?,A3,AWT,A 2,F7,GAM2,PTI, rT?,WA,WF,A?P,CP.R,NO
4JAI1LIST/GE0mi OU"4'LOS, ETAV?, FTrAFF, ETA'ITX, TTF, Al, AsrAR,

I. Ac:, A2, 13,. 49, A20,ro7, -No, Cfl% FTAO
WAA 'r1jE!4HFUEL/, GFO/8461OM4cTRY/, OAN4G/51ANGE-/,PROB8/7HP0OBLEM/

c:TAF2 = ALSr.
ETAFt = FALSF.'
r)UmPLOS m.7ALSE.
TTF 1100.0

A 2.;2

rTAMX =1.0

40 0.?5
CflB = .3
rTAC 1.0

ASTAR =0.00753 ol

17 .2414

A40OLA = 1.0/28.966
1 RýAD (F? WORD
2 FOR4A' (AtD)

4-rTE (r,93) WORD
3 F'nR9AT (IH A10)

IF (WOPO .EG. FUF) G3 TO t0
IF (WOPO E.EO GFO) GO TO 20
IF (WOPO .EO. PANG) GO TO ill.
Ir (WORD.Q.RO GO TO 701
41?r IT(ý 6,25)

2r, FflRIIAT (IO STOP PRO9)
t6o ro 1009

i0 f:ALL FU;FL)AI (0.01, r;.Ot 0.0, 1.01, 0.)
GO TO 1

20 0T~O (cGFOHt) - .

GO TO I
tit J-4f) (-,1110) '4UMAMO, NUM'ALT, NUM-AR
1110 POR'44T (3M0

READ (5,7 *00) (AAHOMI, I11,N!JMAMQ)

RrAO ',r,70fli (AALTV'), 11I,NUMALT)
jr 'AD il 7 00) (AFA:ý(L) I:,4Ja)
GO3 TO 1

700 F('R44T (RF10.0)
701 I-An (-,112) (TITLEMI, 1=1,12), TCDOF

112 FORMAT d1?AE6, Iq)

IF CEOF(5)) 1000, 10032
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Am ONO'1~ - COn '6650 FtN V3_.U-251Aý Op'rt:~ 71~

1002 CONTYNUC
,. FALc.F.. __

4)0 705 ji. . NUMALT
ALT =AALT(ji)
CALL ATMOS (ALT, TO, OAr)SI, IMO, TATSL, PA;'SL, C, ViSs 1)

01=PAPSL~i4(&.0*14.696
00O 79q JZ=1,NUMAMV
'im"a= AAMr(J?.) - "
rTO 14Tg?(l.4, AND;

13 ýnR9AT (iHU 13Ui0-H*
-)TO =PO*(i.P + 0.*AO*2)*.I.-IF M~) GO TO £5
TTLU!AT TT08/if

CALL Pr'(oAN (TTHRAT, CPF, HFAKF)
rA4T = ror/(CPF - 1.987)
TC,= TTF/1.8
CALL CIPOPAN (TC, CPC, HTFr)
TAIR TO/1.8
,~ALL AIRTI- TICPHI.
HTA --HI 4- (2.6*CAO*2/203.1-7.5ie

Is ')0 705 J3=tIIUMFAR

TT4C = HTT/C + ETACl.0

AT4OLF = FAR/41 - TK

TK2 = 35n.0FR,~ .

CALL SOP'PA (WTK2, TT2/a F T) G'4)

TKCK = 4".0, +A10n.

IC= KC K
201 T2 = K258



AFAL-TR-72-7

Im MO11CRJ CDC 65,00 FTN VM.-M5A OPT~i 07/15/71

A143 z Y
ACT =VXl 1 ~~f~. 2 M)

YF- M~) 'G0 TO-3I I :~~~~~TNKT ,2 0CALTP i
ACH At

ACLA =At/.

CALL SCLN~EW AINLET, ACH9X A'CL, TR4Pv Yi)

IF (.NOIT. TRAO) 60 TO 460
W!71TE ($;, 1-)

34 FOR14AT (2n309ITD.AP TRAPE) UF

GO TO ?4A)

17 IF (IHKT .GT. 1CA) GOL TO 79;A,

IF (.4T T'?APK GoE T3 O tO 7

Go TO 419[ICTG = :: ACTX
37 Z7 Z(GA~42, A931)

05=PT4/0RtGAH4,t.Q)
IF .0.R)AT=A
IF (PS *LT . D) GO TO 497
CALL 0YOLF (Arl)I4Q7 A(rHIGI1=AC

499 CALL SOLs~W (CCCL9ý, ACLOW, A!HTGH, TRAP, YNEW)
IF (.NCT. TRAP) GO TO 240
4RITEý (6,50q)

50LI FOR-MAT ( 1140, 5X, IiHTRAP TRUE)
2402 ZI '(1.49 AM.0)

ro= PTOAAC#Lfl

Ft ='T0*A!*Zl
rR.'T F5 -F3 PO*(A5-AC)

Tm.RUSTt! FS 71~* -POý(A5-41)
Ff =THRU$T/.WF

FISPN =THRUSTNiWP
Sir, 3600.0/FISD
SrCN, = 360.0/FISPN

=ý TIPRUýT/DEN

WRITE (6,.390) (TITLE(I, 1=1,12)p ALT, AC, THRUST; OF, FISP,
? SFC, FAP, A4i0, THLdJSTN, CF4, rTSPtM, SFCN4

310 FO9?MAT ( IH/iHOi2A',915X, 4MALT=,FlG.t./1H dx(,?HA0,12X(,EHT4RUST,
I I1X, 2HCF, 13X, 3HISP, 12XI 7HSFC, i4X, 3i4FAP., t2X, 3HAMJ/
2 114 3ý15.4 7F1.4,Fl51 2/14H1 AODTTIVE tPRAG$2E15.4,3Fl5.4)
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A4 -,m~mbk2j COG 600 FTH 3s0-25!A OPT=i C7/i5/?t

FUN = CYCLE (0.0)
705 'PONTINUE __________________ ____

100 STOP1

lip,.7r _
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10O4 CYCLE CDC~ 6600 FTN VI31-25iA OIPT~l 07/15/71.

FUNCTION CYCLE (ROOT)
.-LOGtCAL Ril N5O~y _RV4PLOSI 7TAF?p ETAFE
COMMON /CYCL/ A5, F5, UýJ, T14, G444, 4TM4, TTO, ETAC
COMMON '-)UMA/ Aq43, Con, y4p
COMMON /AINLT/ At, AC, AE, ASTAP, AMO, AMI, AM3CK, OUMPLOS,

i ETAMTxl_ ETAF2, ETAFE, -ARI GAMT, TNKTI POI PT~0, T0, TTF
C'OMMO9N/O)UM/ A2,A3,AWT, A42,F2,GAM?,PT3,TT2,WA,WF,A2P,CPR,NO
AC ROOT _
Xi'* ACX.,AO)A
A41 XMI'XI, 1*.4)

Pt PTO/PR(l.4,AMI)

FAt. PTD*Ai*ZU1.4, AMI.)

41T2 Ami GM, ?~

5 XTA = X0 (GAMT, Ai.0)

Y2 = ((WA + WF'S1RTTF*15 45.2t54/(3.2*4.n)A))/F2TA*STR

AME ? Y(Y2, GAM2)
Z(G= OTP*AM:Z(G4 M:

GO TOJ 1O TO056

DTF (UPLOS) Go T', A57

Y2 =(J)T(WA +WF)QRT(TT2*1545.264/(32.2*AWT)))/(A3X2

F R)GO TO 56

57 CALL DUMP (Z2, X3)
5c Am3 XMl SBCgýN)

Y3 y(CA)., AM3)
Z3 Z (GAM?, AMI)
03 PT3/PR(GAH2,AM3)

DA4=P3i(i41.,0'14.596)
70 Y4 =Y3*SI2RT(AWT*TT4/(WTM4*#?T) )

V4t= YG..(i.0 + GA2A3*)(.+A~ATI2(.-.*O)

Tr (RJ) Y4 = Y4*C1.0+FAR)
AH4 = YM(Y4, GAM4)
X4 = X(GAM4, AMt.)

X5=X4*47/A5
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IOV CYdLe - CDC 6600 FTN V3.0-251A OPT=1 07/15/71

PT4 PT3*(Z3/74 -_0.CnOI3#M24 AM3*42/(Z4'PR(GA42,AM3!),)
R5=PT4/P (GJM-4,AM5)

Z5 r7(-A'149 A145)

-----------------Cyfl 1.0 - PS/P~o
GTU 30b

_________ENTRY WCYCLE
PT2A =F?i'(A?*Z2*2ii6.224)
P2 =PT2A/PR( GAM2, M2
P4 =PT3/(2li6.224*PR(GAH4,AI.I#))
POATM =P0/2116.224
P5ATM nP5/211-6. w-4-'
PTOA = PTO/2ii6.224 ______

Pt1 P1/2116.224
PT34 PT3/21i6.224_____________

PT4A =PT4/2i6.224
IF (RJ) GO TO 200

PEA = TOA/PR(GAMTpAME) _

200 WRITE (6,250) AMa, AMI, AM2, AM3, AM4, A45, IME, GAM2, GA't4,
GA',AC _Al, A2, A3,A A, AE,.POATH, Pi, PL-9 03ATI4, P4, P5AT4, _

2 PEA, PTI1A, PT2A, PT3Ar PT4A, PTPA, TTO, TT2,rTT4, FAI, F2, FS,L 250 T(1 _________ 1HOif 5fkb1H ,15X-,1"H2, rX, IH39 isx, *-

2 F1.4 16,F1.,16X4, F16./_ 5 AREA, - 164/7

6 38X, F7.3, 28X9 F7.3)
WRITF (6,252) CYCLE, P0, P5,WA F_ ___

2521 FORMAT (7H4 CYCLE=, E13.6, 5X, 3HPOr, E13.6, 5X, 314P5,9 E13.61, SX,
30 3HWA=, 'Fit.4,_5X, 34WF=, _t14

ENn)
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!O0l AINILET CDC 6600 FTN V3*0-251A OPT~iOT1

FUNCTION AINLET (AT
LOt0GICAL ._UMj~PLOS. ETAF29 ETAFE9ACLOG ___

COM4ON/O)UM/ A2,A3,AWT,AM2,F2,GAM2,PT3,TT2, WA, WF,A2PtCP~iN0
COMN/BUMA/ AM3_tC0Bt 4p . 1z. 50 '

COMMN /fNLT Ai ACAEASTAR, AMO, A-91, AM3CK, DUMPLOS,

-.- M. IQ

ENR INL(T . __

X1rAC'X(i.4,A?10)/Al
______ . X = ,~ 4_2L_________________

I1 PTO/PR(1*4,AMi)
WA =
FAi PT0*A1'*Z(1*4,AM1)

XSTAR =X(GAMT, 1.0)

PH PTP/PR(GAMTp 1.0)
IF (PTH. T.Pt)_GO TO3

IF = STR*TAP) P PAl R E/IXAE-

'v' AM-Ww((WAEWP)QRT(GATT2#32.2*44/(i2.2;AWT)))/F))

IF (.NOT. ACLOG) GO TO 10
Y cK Y3G.AM2 ~0-)-
AINLEt (1.0 -YU/YCK)

-. IFý CIAINLET..GE. 0ý.0) .AND._(INKT .EQ. i)) AINLEr=0.0 __

AINLET' 'AINLET#1.0F3
GOTO 500 ____________

10 AM2 =YM(Y2,GAM2)
__ -Z?__ Z(GAM2, AM2)_-- -- --

X? X(GAM2, AM2)
IF (T)utPLOS) GO TO 5 __

X3 X2*A2/A3
PT (AW)SR(T*14.6+(22AT)/A*3
GO TO 6

5 - ALL U45X3-
6 AM3CK X'4(X3,GA?

AINLET (AM3 AM3CK)/AM3 - - - - -----

IF ((AINLET .GE. 0.0) .AND. (INKT .EO. 1)) ATNLET=0.0
.A IX4Igj L EINT I .0E2___ ___________ ..--

500 4FTURN

- END ---- - - -
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ITVIN D UMP 6'6-0'0 -FTN V3.0-25iA OPT=1 07/t5/?t

S§U1ROUTiNE DM ZX)-
C COMPUTES DrFFUSEI AND DUMP LOSS~S

COMMN/Dmi A2,A3,AWT,At42F2,GAM2,PT3,TT2,IEA,WFIA2P, CPR,0$4D
-PT2 F2/( -A? *Z?)- - -

P2 Pi2/P'RCGAM2,AM2)
P7 =(0.5*CPR*GAH jAM2**2) + i.O)#P2 - - -

AONEC' (GAM2-t.6)/2.0

£ *AWT))
qSQRTi.O-4. .

AM3P (-.OQ/C. AONE)
tF((AP1IP.LEf.0..'.(M3.Et) AM'4P =(-i.M O-Qi/(2.Q4-kC E)

ftAM3P SQRT(A'13P)
PT3 P7*vR(GAM~jAft3P)
PT3 PT3*EXP(-o.5*nND*GAM2*AM3P**2)

X7 (AW)SR~5524T?(22AT)(T*'A
RýTURN
END --
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tO04 B'JMAl --- C 600TN V3cO-M5A OPT~l OFl/i5/71.

FUNCTON BUMACCA -

COQt!NMON /6"A/ A4i3,f08, Y4P
COM~4ON/DUm, A2,A3,,AWTAHt2,F2,GAM~?,PT3,Trz,WA,WF,A2P,CPR,ND

SO =A*

i *So)) -A

.~~UM C z UMAC~i*DC2
RFTURN
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UTT4~E PRIPAN 
COC 6500O FTN4 V3.3i-251.A OP7=i O?115/1r

SIJRQ.OUTINJF PROPAN (T, CP, 4F)

-1.755E-52

Co= + 9*T + C4(T**?) + D*(Tv*3)

TC= C.
Hi7ON =A*TC + .0.5*B*TC**2) r*CTC**3)/3.0 +* 0.25*0*(TC**4)

~4F zA*T + 0.*5;q(T**2) - C#'Tr,*,*3) /7. + O25'v0('T**4) - 4CON

RETURN

ENO
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COC 6600 FTN V3.0-251A OPT=i OI15/?t

WURUIE- A I TR (T H ~ RA . -

C..z6.~6 .5 - .-..--

CP=A + R3*T + C*(T**2)

HCON A*TC + 0.548*(TC*42) + C*CTC**3)/3.0
A- =, __ A ~AT-+ -.,5t *CTt!ýZ + C f(yt#3)/3.0 -1ý^ iCN
RETURN
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JTI9EC 'AIMO CDC 6600 FTN V3.3-251A OPT~l 07/15/7t

SUBROUTINE ATMOS(Z,TM,SIGMA,ýHO,TI4ETA,DELT8.CA,AP1U,K) ATMOSOill
________ATMOSO 'Z

C CALLING SEnUENCE ATMOS003
AT'40S0".

C - ALLATMO(ZMSG~;ARHOTH~A,DELTA,CA,AMUtK) 1MS5

7 GEOMETiRLC ALTITUOEF tiT) - ATMDSOO6
C TM =MOLECULAR SCALE TEMPERATURE (')EGREES RAMMIN A-T'40S0 8

__ R_ HO _=DENSITY LO-SEC**2-FT**(-4) OR SLUGS-FT#43 AT'40S010
C TH ETA-= RAfIO **O-F 'TEMEkRATUR;E- TfOfTHA-T TATf S-E-A -LEVEL- ATMOS0I1
C DcLTA= RATIOOF PRESSURE TO THAT AT SEA LEVEL -ATMOS012

C -CA -S- -E E D O 6F SO6UND fFT/sEc) AfmOSdI3
C 'AMU =VISCOSITY COEFFICIENT (Lq-SEC-FT**2) A THOSO0I4

ATMOS015
C K=I(INORMAL, ATMOSO16
C =2 ALTITUDE GREATER THAN 300039. FT., ATMOS017

-- - - ATMOSO 1 8
ATMOS--O

DIMENSION HPRTMq(11),T1riC11),SIGMA9(it),AL'lCil),ARAY(1i,4) ATMOSBI'1
nUVALENC-E (ARAY(1.,b 1 MIPRIR~c(D,_pARAY(1_,2?,TMBUl)) ATMOS0'2

(ARAYC1,3),SIGMA49C1f,(A-9AYi(i,4),ALM(t)) ATMOSD?3
ATMOS024

DATA ((ARAY(I,J),J=l,4),I-=l,11)/ ATMOSIY'S
x ~0. 5t18.688 1 .0000030--00 -0O361 TMS 6
x 16089.231~ 389.985 2.9796955F-01 , . AT'IOSO'7
x 2020.997 , 369.988 , 3.2b65751E-02 p 0.00164519? ATMOS0?8
14 tg419.480 , 08.781 i .2117870=--03 p 0. , ATMDSn79

-x 17 -31%4.510,_f M.78 8 5.-86.86773tiE -0 '4_ __0.00246885 , AT40SC 0
x ?59186.350 , 298.188 , 1.7329i56Z-05 , 0. 1 AT'40S0.'1

21?275.590,~8 .89 k 1725g5 -Ok t .0 9456, . AT402
344810, 4618, q.3921519E-08 , 0.01097280 , ATMOSO3

x t5?49-4.380 .2386.1188 7.765.8593E-rl0_, -- .00548643 ATMDS01I.
x 5F7742.75G Z 566.188 , 5.6324877E-10 . 0ý00274320 ,AT'4OSO
x 6 -56167. 80.* 2836.188. -~2.c,726?771-10 p 0.001 Z024-/ ATMOSO'6
DATA r 0.01974,~176 f' RE / 2.18-35531E 07 /, AT'40SO-6

-19.?z - /Pz / gi JL/,.A1OSO
x AlU7 /3.7372991E-07 / RHOZ / 0.0023769 IATMOS0'-0
x T-MZ. 51.8.688 / A TMO SO '41
K 1

- 6 IF(Z)2E.,1.. 1.17 -

17 IF(Z.G3T.?00000.) K=K+i
la HRrM=(QP_/(RE+Z))*z-_
9 on 10 "=i,11

IF(HPRItm-HPRI'48CM))l11,12,10 -

10 ýClt4NTjUE

11 M=M.-i
12 I (L () 1 _t ,4

STGMA=9X'((1.0+(r/ALM(m)))cA ALOGq(TM)/M)/)))4 SIGMA9(M)
G'i TO 20
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U~tJ~ATOSCDC 6600 FTN V3.O-251A OPT~t 01/i5/7t

5 THTMB(M)
SI;-MA=SGMA8(t4)*EXPC-(Q.(HPF~tm-HPRIM,9(Nv'/T.48C(.), __

THETA=TM/TMZ

0 i3 TURN ________ ________ _AT40SOA5
END T0Of

69



AFAPL-TR-72-7

T04 A7KM COC ý'O TN V3.0-25iA OPT:-I 07/L5~/71

rU"NCTrON ATNX,,4,I TKN00"1
_____ ______ ___ArKN00q2

C TP FUN(CTION AKO9
C ATKNOO 14
C USAGE... ATKN01~5
C -- ATKNG0n6

C Z=ATKN(X,Y,N,K,)fT) ATKN00 17

__C -. _____ATKN00'1B

C'rP.. ATK40019
C ATI(NOCi 0
c X - TARLE OF INDEPENDENT VARTABLZJ VALUES, ATKN40011
C ("' 8E AzýENDING OR~ OFSCI:NOING). ATiKNO012
c Y - TA-9LE OFOEPtFFNr;`NT VARIA8LE %fAL~ir. - - -ATKNOO2 3

-- C N - NO. OF POINTS IN TfejLES X AND Y. _________ATKNO014

cK - OEGRFE OF INTERPOLATION DE-3IREDs ATK'40015
C xr- X-VALUF FOR' WHICH_ INTýRPC.ATION IS 3ESlPFt). ATKNO016
C ATKN00 17

C THF II-rFPOLATEO VALUJE IS RETURNE9J AS T4Z FUNCTTON VALUE. _ ATKNOO!8
d _ ATKNOO19'

C 31 CELLS GF ULANK COMMON AIRE USE3. ____ATKNOO 0

C ATKNOO i

COiO i, K1, UI, LL, LU ATKN00~'3
COM40ON )(X(13)9 YY(i3) ATKNOO 4
DATA -KMAXC/ 121*- - - - - - - ATKNOO'5

C ____________ ______________ _____ATK400?6

c IF C K.GT. KMAX .OR. K .LE. 0 ) GO TO 3C0 ATK INOO- 27
c ~ATK(Nt.O 1,

Ki=K~i -ATKNO019

IF (C)X1)100,10,10 AlKNO0 0
10 IF (XT-X(i)) 20,20,30 ATKNOfl I
P0 LL=0______________________ ATKNOO 2

GO TC 200 ATKNOO03
10tIF (X-(N-)-XI)- 40,-40,50- AfK 0 RO 114

-- 40 LL=N-KI ATKNO0"r
-- GO TO 200 ATKNOC'6

SO LL--L ATKNOO'7
LU=N_____________ _ ATK40OO 8

F.0 r(L-LL-) ~0,I8,70ATWNOO9
70 '..I=(LL+LU)/2 ATKZN00.0

IF (X((Ll)-XI) 90,8l,-96' AT(NO0'i.
80 LL:.J A T<N 00.2

rO TO 69O ATKNO!%3
90 LU=LI ______________ _A TK NO00'.4

GO O~ATKNOO'.5
103 IF (XI-X(l)) 120,20,20 ATKNO04'6
1?0 IF (X(N)-XI) 130,40,40 A TKNO00 47
170 LL~l A TKII 0~ 0

LU='1 A7KN004q
140 tF ;LU-:LL-1) 180, ± 0 ______ ATKNO0 50
ISO LT-7(LL+LU./?' A TKNOO5I

IF (YtL7h-XI) 161, !73,170 -~ATKNOO5Z

160 LULT=L ATKNO053
Go .0 114r ATKNDOO 4

173 LL:LT A TKNO055
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T04 ATKN COC 36Vq'1 FT;4 V3.O-252A OPT~i 07/ig,?It

GO TO 14 ATK(NO056

180 229 J-Kl:T)/ AT1(N00S5T
iF Y(JLU(.(XJ1-XI 20,Y 

4-00,05Y~~iXXI ATKNO058
19 TIF(LLJ+K (1() 70,0,, T1(NO059

TiL~ A rKNOoct
C XI=~l)X ATKNiO052

210 YY(Tr=Yoa, ie ATNOO '0

CEL0 SY2 T M(?OO. AT'QNao'?

ATgYYKI ATKN~O057IITý W0,i
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JT4E_ SOLNIýW '6 650b FTN V3.0-251AOPT io i/71

SUBROUTINE SOLNEliC(FX, ALOW, 4I, TRAP, Y) SOL 1
q-§LE THE FUNCTION FX FOR THE VALUE OF THE INDEPENOENTVARIABLEX. K .OL- .2
C WHICH MAKE&S THE- VALEH OF FX EQUdAL TO* ZERO:. _THE VALUE OF X MUST LIE SOL 3
C IN THE INTERVAL BOUNDED BY ALOW AND Hf. IF ANY-FATAL OIFFIC UL 'TY IS -SOL -_

') N-OUNTER~Fn IN THE SOLUTIO-N THE LOGICAL 'VA L TRA IS SET EQUA-Q
C TO TOUE. - -SJL 6

EXTEPNAL PX SOL 7

DIMENSION F(10, X(4) SOL 9_ __ __

TRAP r ~4LSF. -SOL tLo

'TO L. =-I i.OF-4___ ________

H = If SOL 12
- 'MAL= ..ALTW ______ __QL 1

IF C(%0W .LT. HI) GO TO 17 SOL 1,4
H_.A.LON - SOL_ 1.5

SMAL = HI SOL 16
17 X(i) = A! OW ---- .- SOL t7

F~t) =FX(X(l)) SOL t8

IF- (ASr~) - ----- { LT. TOL) GO TO 83 SOL ?

-X.) HI SOL 91L
F(3) FX'(X(3)) SOL ?2
V = X 7 ) SOL 23
IF (_A9S(F(3) 1. LT. TOL) GO0 TO 83---------- SOL "4

5tfIGN (F L)_2 C CU)) ____ SOL 25
IF C(EW(+Z) .EQ. 0.0) GO TO 3? SL 2
WRITE (6,28) SQL -';17

28 =ORMf.T (60H THE FUWCTIONS FOR THE' END' POIWTS'00 NOT HAVE OPPCSITE
isrGNS) -

TRAP = T'.UE. SOL 30

32 X(2) = X(') - F~i)*(X(3) - XC~l)/CFC3)- FC1)) SQL c 2
F(2) = FX:X(2) SQL 13
Y :- X(2) SQL 34
IF CAIS(F(2)) -LT.-_TOL) GO TO 81 SQL 75
DO 69 ,JK=199 SQL ;6

.- x , ,sq- = .()' _-SQL -1
XiX2 XCI) - X(2) SOL 38
XIX3 = XCIl - X(3) SOL 39
X?XIS(Q = X(2)4*2 - X~)(()*2 SQL 4*0
A = 1Y3'CF(2)-FCI)) - XiX2*(F(3)-F(t)) SQL '+I
A = /CXIX3'XZXiSQ - XIX2*CXC3)**2 - .(1SQ)) SOL 4Z

3 ('KX13~ - C? i F (ijX3! _ ~ SQL 43
F(S) - A~~~~(XC3) -2) -CK3 Q '

SIRTVS42_- 4.0'A*C) SQL '45
X(4) = -9+Q)/(2.9fA) SOL '46
IF'(CXC'd.GT.H).OR.(X(4).LT.S'IAL)) X(k)=(-9-ýý)f(?.0'A) SOL 47
Y =X(4) SOL .-8
IF CJ'( ý. Eo. 9.). GO TO 70 -- _ -SOL. *9
F(4) FX(X(4)) SOL 50
IF (AO3'ZFC4)) .LT. TOL) GO TO Al SOL !I
fln 6? T=113 SZ.L i2
It = I+t SQL q!
00O 62? J:?IJ4 SQL 14~
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UTINE SOLNFW roc 6600 rTN V3.1-25iA OPT=1 07/15/7t

IF (F(ý, .LE. FfJ)) GO TO 6" SOL 35IZXS =(I) SOL 16

7(l) = F(J) SQL G8

X(1) = X(J) SOL 19

F(J) = SOL ;0

X(J) = V; SOL :U
SCONTINUE SOL ;2

IP (.NOT. FIR.T) GO TO 63SIF ((F(l) + F(2)) .LE. P!!)) GO TO t10

S~XNl (p.n*X(2) + X(M))I.O

FN FY(XN)
IF ((F(l) + FN) .LS. F(1)) GO TO 1.O
F(;) = FN
XC?) = X'.....
GO TO f3

ton IF ((F(l) + F(4)) .G'. P(4)) GA TO F37

XN = (X(4) + 2.0*X(3))/3.0
FN = FX(XD)
SIF ((F(4) + FN) .GE. F(00)) SO T) 119

* r(3) =FN)
X(3) = XN cop
GO TO 61
X(i) = XN

r;O TO P3
11 F(4) = FN

X(4) = XN
63 cIRST = PAL,.

IF (A•"' (c1)) .*T. A9S({(4))) GO TO 8 SOL 3
I9 ((9(3)+F(4)) ,G. F(4)) 50 To Cq SOL .4

6S •(1) = 9 (4 ) 
SOL ;5

X(i) = X(M) SOL ý6

10 TO A9 SOL 7

63 Ic ((c(1)IF(2). .LF. r(t)) ,n TO G5 SOL "i

6q "(4TIN T? SOL *9

7n 1Y 12 I=i,9 SOL 70
ry = C(y) SOL '1

IF (4nc(FY) tIT. TOL) GO TI A SOL '?

XLIT = Y + 01•11TIL~y SOL '3
rLIT = FX(XLIT) SOL '4

XD = Y - XLIT SOL 75

c = -.- FLIT SOL '6

DID = Fr/xn SOL '7

IF (ILO .4E. -1.3) r,) TO V SOL 78
TO0 = .TRUr. SOL 79

Gn TO P1 SOL R0

81 V = Y - Y/OIR 'SOL 11

82 CONT IPlr SOL il
WQITE (IV,85)

T*ýP = .TOUr.

87 4cTUD4 SOL 13
•S) SL 14
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:04 w CDC 6600 FTN V7.0-251A OPT~i 07/15/71.

;:UNCTION XIG, A) 1
C DETv-P4I4N: X AS AFUNCTION OF MAC04 UMRER.~ 3GA'44A, A=MAC4 NO. X 2

G I qr,-- ij*0 3

ý.ETURN x 5
X 6

7AA
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- cflc 6690 FTN V3.3-251A OPT~l 07/15/71

FUN`CfTON' Y(G, A) y j
C DETERMINES Y AS A FUNCTION OF MACH NUMPER. G=GA44A A=MACH NO. y 2

RETURN y 5
ENO Y 5
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ONZ - CDC 6600 ':TN V3.i-235A OPT~i 07/1-3/7

FUNCTION Z(G, A) Z I
C 0ETEPMINES Z AS A FUNCTIOi as: MACH NUMRE'R. G=GAM'1A, A=tlAC'4 NO. Z 2

'§(. --A i' -- ' - --- - ' ý. Z 3
GI G - t.0 7 4
Z (1.fl4G*SQ)/( (1.+.0*00  i*SO)**(G/G1) ) Z 5
RcTURN z 6
END Z 7
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- 4'~ FU~L~1AT -CDC 6600 FTN V3.0-251A OPT~i O/57

- SUROUINE UEL~T TO, AROTWTM4,GAM74i.)

FORMAT (211 6EO.O

30 EAO (5,5 F~§(f;,1= NTT

'ED(5,5) (Z3MIK), I~iqNTA) -- --

(rT = 'JIN(FATO,' FARSNFAPR) NNT i

20 - FA (5,9) =B'JINCF K T, IAtvNFAR) ES T 2

-C - GA1 (55 BUI(ViI,K TFRS, NFARTN, T )
RFTURN

EN9 J'Y _______, t_6___ -Ak - -A ---

7/
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(ON u 'JI M CDC 6560O Ffk V3.'3-251A 6PT=1 07/15/?:

FUNCTION QUYIN (xif Ybo X, NX, Ys NY, Z
9ITENSION X118)9 Y(12)s Z(18tt) M8 win

00 6 I~tpNY..........,2,V1) (2
90 i J~lNX

5 V(j) =7(JI)
1)'(1) =ATI(N (X V, NX, 1, XT)
q0UYTM &TKN (Y, Ut NY, i, YT)

RTTURN
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EO0l YM CDC 6600 FTN V3.0-251A GPT~i 07/115/7t

- ý- UNCTI ON XM(,G -K i
C OETFRMINES SUBSONIC MACH NUMBER AS A FUNCTION OF K. _G=GAMMA X4__ K 2

TfOL X~l-0F-8 ____ .- ___

Gi. G-1.0 KM 4
Km 0.0 Km 5
Ft. -Y KM 6
IF(ABS(Ft) .LE. TdL)" GO Td ?6 X4 7

- M SORT(G,/U1.0+0.5'Gi)*'(CG+1.0)/Ci'))- X -4 9-- - -- K

ir(ABS(F3) .LT._ TOL) GO TrO '26 KM '0
SI SIGN(FI, 1-3)-

- IF '(PI4 SI) .EO. 0.0) GO T') 13
PkINjT 100; F3

100 FORMAI (30H SAME SIGN FOR K FUNCTIOl F- F- E13*5)
KM 1.0
GO TO P6

13 XM =-ýFj/(Fl - Fl.) x

F? M*SRT(G/((i.O4-0.5*G1*XM**2fl'UGr+I.0)/Gi))) - 4 KM t2
A C(F3-Fi) XM- ý- F2 +- Ft) ihKM*J(i.O-xki -

9 -F F1 -A KM 1.4
C Fl KM 15

RT SORT(B**2 -4.0*A*C) KM 1r,

.XM (-BRT)/(2.0*A) XM 17

TF(CKM.GTA.O.) .01Q. .(XM.LT.O.0)) KM:(-B-RT)/(2.0*A) Km lpý

-- SO Xm*42 - - K 20

IF(ARS(F) LTJ. TOL) GO TO 263 KM ?2
FP -= .0*(I.0-Sr))*(SQRT(G/((L.0+9.5*G1*Sl)'*( (G+1.0) /Gl))) KM ')3

1 /(2.0 + GI*SQ) KM '4
25 KM =M -f F/FPý X- ? K 5

00If'NT 50
50 ~ RMAT?~HX FUN 01') NUT rOWJERGE)

26 RETURN KM :n,

END KM 27

Vo
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6.4 yk Cdr 6660 FTfN V3021 P1 07/15/1-

FUNCT ION ikCY,rG) -~--YN I
G ETERMINFSSUBSONIIý MACH 4O. AS A FUNCTION OF Y. G=GAMHA Y4 2

ThL~ Y*I.OE-8
i G -I I-.Q _YM 4

0.0 YM 5
Ft - YM 6

14 .0 _____________ _Y'4 
7

Fl3 (7sO-)T (9' (1 o o~. s*G 1)))1. 0+ G)- Y -ym-

IF (RZF L..TOL)- GO *TO 27 __YM 10

SO =YM**2 ----. - - YM 12

F2 (YM/ (I- biG*SMQ))-ýSQRT (Gil (Y.04-6o5*ýG1iSQ _j7- Y Y4i 13

____A (CF3-Ft)*YM -F2 + Fl)/CYM*CI.O-YM))
0= F3 - Fl -A 1 1
r Ft Y'1 16

RT SORT(B*1#2 - ,"A) ' t7
_______ _______________________ YM 18

*YM.LT.0.0) -OR. (YM.GT.t.0)) Y'=(-B-RT)/C2.0*A) -- Y4 t9

YM It
F Y/iOGS)*QTG(.105G*ll Y Yil '2

IF (A'3S(o) .-LT- TOL) GO TO 27 Y4 ?3
FP =((1.fl-SQ)/Ci.0+0.15UGlSQ))#(SQRTCG#(1.0+0.5*G1#SQ)))/ Y?4 ;?4
((i.0i.G#SO)1#2) Y4 7'5

-26 YMV-FM 
?6_ __

50 FOR4IAT (73H Y FUN 010 NOT CONVEPGE)
27 RETURN l

0Y4 ?8
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'flm -ZN COC 6500 FT4 v3.fl-251A opT=1' 07115/71

FUNCTION ZM(Z-,-GT - -- - - -n

CO-ETcP.NINFS SUBSONIC MACH NUHMER AS A FUNCTION OF Z. G=GA44A___ 7M -2
TOL ZIO-

G1 - 1.0 ZN 4
ZM 0.0 Z4

F1 1.0 - Z zN 6
IF(A93S(F1, ,Lt.-TdLf 'GO TO '6 ZN 7

ZN=1.0 _________ Z a

-~~~ *-~V(..~(i00.SI#(/I)-zZq
IF(ABS(F3) *LT. TOL) GO TO 26 ZN io0
ZM = Pl/(F3 - Fl.) Z4 i
Sn p 74 12

F2 (.0ZN 13

A - =- (i.3Srj)*Z U1-.0;+ I)/ZMSI)(~Gi Zm 1

IF( (ARZF).LT. T.t).0 GO M.TO90 26 (RR)/ 0 Z4N t

2 0 25 iN - FZ.P ZN

SO ZTU *2 Z4 2

7A NTUR Z'4 26

______z __ __ _ _



IFAPL-TR-72-7

EON tUNCTION S4X(X,G) NO. A¶A1~:O: : :.~s:0T ~~~

TOL Y*1.0F-5 SMx
G) G t .0 S3mx 5

XAZI 1.0 S4X 6
XA(2) '4.0 S4X 7
00 1't 1=1,3 s____ 1%___ 9

-aTf)VII' 'ýT( - -F /', IT)X - S'4X 1;
R =YAMI 13'4Y a

IF(AflS(PA(T) *LT, TOL) GO Tt4x 3 IA
tF1c.)XA(3)=X&(l)-F AC(1) (X A ( )- A (ij)/(FA(2)-FA(l)) S'4X 12

1l 'ýONTINJUE S4X 11

XISQ_=_Xt&(1)'*2 S4_____________ _______ X- '4

Zff? = XA (1) -XA (2) S4iX t5
XIX3 =XA(1) - A( S'4X t6
X~XISI = YA(2)**2 - XA(1)t 2- * S41 17
A= Xi1X3*1FA2) - FA(l)) - XIX2*4FA(3)-FA(l)) S4iX 18
S= A4/tYlX3*X2XtS) - XtX2iiXA(3)'4 2 -XISi)) six S 1X
= -)YI' FA(2) +- FA(l))/XIY2 __ _slix ?0

CA( -) "-- A 37 Ti3)'>2) - d -Xd3 A'~ (
I= S'IPT(cý*2 -. 44C S 4X '2

= (-+Q)(2.))S'4X '3

.30 it 1=1,5 SMX'( 5
= S'*2 _____S4X '6

R G / I -T- --+T _

IF(3~~ LT. TOL) 1ý TO "S4X '
=2.ln(I . i -S)I(SOP T (G/ I . 0 +.5 *; I SI))' (G + I. ) /Gj.))))(? + S4X '9)

1 ~1SI) s59x I'
31 IZx MX - F/ro S4x 31.

32 ?rT90-1 9 11 ~2
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ION nq COr 6500 FTN VI1.-25LA OPT~l O7/15/ZiI VCUNOTTON DR(G,A)
C OETEPI1INPS TNE RATIO OF T:)TAL -JESSIE TO STATE"- PRýSSIJRF AF A

C FUN"TT')N Or MACH NO. 'A40 GA'I4A. --:GAMlýfA, &='iACH NO.II ~G = r T' l
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[ON TR CDC 6600 FTN V3.3-25tA OPT:1 fl?/15/?t

FUNCTION TP(G,A)
C nFTEOMTNES THE RATIO OF TOTAL PRESS'i'E TO STATIC PQ:*SSJRE AS A

C FUNCT ION OF-M'A-C-H N. N GA4-1A. .- G= GAM4A, A=MACH 40.
1P= .0 f~O5A-1O'A2

:ZTU-?N
END

84
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AFAPL-TR-72-7

_7TM - ODMODE -- Li- -L2----YPE ------------- SR- *CAL
FWA 040764 FI4ATTARLES 0357ty22

-POR4--ORESs-

AINL~f~ 00436w-- --------~ .
00013

DUMLE '60463511_ 
_ __ 

000135
BUMA 000135

-~~TH 

000UA o110AINRtt 
0000535

DUMP) 004173 - - -. -

DUN( 000133

ArLNEHR 0056124

§O4E -0~~--- - ----

Z 006334FUELOAT 006360 
- --

BYM N 0100 71J

zN -010570- 
.

PR 0112131- 
. . . . -

SIolt 01127?2-----
S Y S T E M S 1 2 4INPUTO: 0137jrj

T N U T NI S _ __ 40 2 63 5 - - -- 
-

-KRAKERS 
-. 16601 

-

ALMLOGE 020421
EXPE 0620460 

----

- SQRTE__ 0__2024

iT8-E 02i1546 - -----------

---- ~~-- UN--I. E 

EXTERNALS�
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